INTRODUCTION
============

One of distinctive features of the peripheral nervous system (PNS), different from the central nervous system (CNS), is its ability to regenerate on its own after injury. Schwann cells (SCs), the major glial cell in PNS, ensheathe and myelinate axons and play an essential role in peripheral nerve regeneration ([@gks750-B1]). Damage to sciatic axons triggers an innate response of the downstream population of enwrapping SCs. This process, termed 'Wallerian degeneration', spans the distal stump within 12 h after nerve damage ([@gks750-B2]). In contrast, the proximal stump maintains the structural and functional integrity except a retrograde degeneration in a short segment ([@gks750-B3]). It generally takes at least a few days after nerve injury, known as 'the initial delay period', for SCs to start proliferation and migration in the proximal stump ([@gks750-B4],[@gks750-B5]). The intrinsically different cell responses to injury between the proximal and distal stumps are probably induced by specific signals from the axotomized neuronal cell body and its axons ([@gks750-B2],[@gks750-B6]). Less explanation, however, has been put forward to reconcile the conflicting phenomena that SCs undergo the opposite phenotype modulations between the proximal and distal stumps of the damaged nerve at an early stage following nerve injury.

microRNAs (miRNAs) are a novel class of endogenous, 20--23 nucleotides, small non-coding RNAs and serve as post-transcriptional regulators of gene expression ([@gks750-B7]). They regulate gene expression by binding to the 3′-untranslated region (3′-UTR) of target mRNAs, resulting in translational repression or degradation of target mRNAs. In this way, miRNAs are involved in a wide variety of cellular processes, including development, proliferation and differentiation ([@gks750-B8],[@gks750-B9]). A number of miRNAs have been found in the mammalian CNS and PNS, including the brain, spinal cord and dorsal root ganglion (DRG), where they are involved in neurodevelopment and neurological diseases ([@gks750-B10],[@gks750-B11]). Several recent studies suggest that miRNAs can critically regulate SC gene expression that is required for myelination and maintenance of axons via axon--glia interactions ([@gks750-B12; @gks750-B13; @gks750-B14]). To date, however, few reports are available on early influences of miRNAs on SCs after peripheral nerve injury.

In order to gain new insights into the early effects of miRNAs on SC cell behaviors after peripheral nerve injury, this study was designed to investigate the alterations and roles of miRNAs in regulating SC responses to injury at an early stage following sciatic nerve injury.

MATERIALS AND METHODS
=====================

Animal surgery and tissue preparation
-------------------------------------

In total, 36 adult, male Sprague-Dawley (SD) rats (180--220 g) underwent surgery of nerve resection. The animals were anaesthetized by an intraperitoneal injection of complex narcotics, and the sciatic nerve was exposed and lifted through an incision on the lateral aspect of the mid-thigh of the left hind limb. A 10-mm long segment of sciatic nerve was resected at the site just proximal to its division of tibial and common peroneal nerves, and the incision site was then closed. To minimize the discomfort and possible painful mechanical stimulation, the rats were housed in large cages with sawdust bedding after surgery. All animals were randomly divided into six groups (*n* = 6) according to different time points. In each group, the 5-mm long proximal stump segment was collected at 0, 0.5, 1, 3, 6 and 9 h after nerve injury, respectively. The experiment was repeated three times. All the experimental procedures involving animals were conducted in accordance with Institutional Animal Care guidelines and approved ethically by the Administration Committee of Experimental Animals, Jiangsu Province, China.

miRNA microarray
----------------

The total RNA was extracted with a mirVana™ miRNA Isolation Kit (Ambion, Austin, TX, USA) according to the manufacturer's instructions. The quality of the purified RNA was assessed using a BioAnalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). The purified RNA was quantified by determining the absorbance at 260 nm with a Nanodrop ND-1000 spectrophotometer (Infinigen Biotechnology Inc., City of Industry, CA, USA). A miRNA microarray (Agilent Technology), containing probes for the complete Sanger miRBase 10.0, was used to screen RNA samples of different groups. The labeling and hybridization were performed by the Shanghai Biochip Company (Shanghai, China) according to the protocols in the Agilent miRNA microarray system. Agilent Scan Control software was used for scanning the microarray slides, and Agilent Feature Extraction software version 9.5.3 was used for image analysis. Microarray data were analyzed using GeneSpring GX v11.0 software (Agilent Technology).

Bioinformatics analysis
-----------------------

Following microarray analysis, the miRNA or mRNA expression was compared among different groups, the significance and false discovery rate (FDR) were calculated using the adjusted *F*-test with the Random Variation Model (RVM) ([@gks750-B15]), and the differentially expressed genes at successive time points were identified.

Using the differentially expressed miRNAs, the following analyses were conducted: (i) for hierarchical clustering, we calculated *Z*-score from the miRNA expression, and computed the distance (dissimilarity) in both ways (miRNA and time) with the Euclidean distance measure; (ii) for miRNA expression pattern clustering, we performed significance analysis of expression tendency for differentially expressed miRNAs ([@gks750-B16]); (iii) we searched for putative targets of miRNA in specific profiles with miRBase database, and integrated putative miRNA targets with differentially expressed mRNAs to yield potential targets; (iv) we conducted Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses for the integrated targets and (v) we constructed the network for miRNAs and their targets.

Afterwards, the specific miRNAs and mRNAs were integrated to select the inversely correlated miRNA-target pairs, and the Pearson correlation coefficient and *P*-value between each pair of miRNA and mRNA were calculated.

Primary culture of SCs and oligonucleotide transfection
-------------------------------------------------------

SCs were isolated from the sciatic nerves of 1-day-old SD rats and further treated to remove the fibroblasts using anti-Thy1.1 antibody and rabbit complement as previously described ([@gks750-B17]). The final cell preparation consisted of 98% SCs, as determined by immunostaining with anti-S100, a specific SC marker. Primary culture of SCs was maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (complete medium) at 37°C under humidified 5% CO~2~. SC cultures were passaged no more than three times before the following analyses.

SCs were transfected with miRNA mimics, miRNA inhibitor or small interfering RNAs (siRNAs) (Ribobio, Guangzhou, China), respectively, using Lipofectamine RNAiMAX transfection reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The sequences of siRNA duplexes are listed in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks750/DC1).

Quantitative real time polymerase chain reaction
------------------------------------------------

Reverse-transcribed complementary DNA was synth-esized with the Prime-Script RT reagent Kit (TaKaRa, Dalian, China). Quantitative real time polymerase chain reaction (qRT--PCR) was performed with SYBR Premix Ex Taq (TaKaRa). For miRNA detection, mature miR-182 was reverse-transcribed with specific RT primer, quantified with a TaqMan probe, and normalized by RNU6B mature miRNAs using TaqMan miRNA assays (Applied Biosystems, Foster City, CA, USA). The relative expression level was calculated using the comparative 2^−ΔCt^ method.

*In situ* hybridization
-----------------------

*In situ* hybridization was performed using the miRCURY LNA™ microRNA ISH Optimization Kit (Exiqon, VedBaek, Denmark) according to the manufacturer's instructions. Briefly, nerve sections were sequentially treated with 3 µg/ml proteinase K and 0.2% glycine-PBS for 20 and 5 min, and then washed, followed by acetylation with 0.25% acetic anhydride in 0.1 M triethanolamine hydrochloride for 10 min. Hybridization with DIG-labeled probes was carried out for 2 h at 55°C in hybridization buffer. Afterwards, sections were washed in 5× SSC for 5 min at 55°C, 1× SSC two times for 5 min at 55°C, 0.2× SSC two times for 5 min at 55°C and 0.2× SSC for 5 min at room temperature. Blocking was performed for 2 h at room temperature with alkaline phosphatase-conjugated Fab anti-DIG antibody (Roche, Mannheim, Germany) in 2% sheep serum. The sections were stained by 5-bromo-4-chloro-3-indolyl-phosphate and nitroblue tetrazolium (Roche), and then counterstained by Nuclear Fast Red™ (Vector Labs, Burlingame, CA, USA).

Western blot analysis
---------------------

Protein extracts were prepared from cell cultures. Equal amounts of protein were subjected to SDS--PAGE and electrotransferred to the nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). The membrane was blocked with 5% non-fat dry milk in Tris--HCl buffered saline (pH 7.4) supplemented with Tween-20, and incubated with the primary antibody against fibroblast growth factor 9 (FGF9) or neurotrimin (NTM) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) according to the manufacturer's recommendations. Antibody binding was detected by the HRP-conjugated species-specific secondary antibody, followed by an enhanced chemiluminescence assay (Pierce Chemical Company, Rockford, IL, USA).

Cell proliferation assay
------------------------

SCs were resuspended in fresh pre-warmed (37°C) complete medium, counted and plated at a density of 2 × 10^5^ cells/ml onto 0.01% poly-L-lysine-coated 96-well plates. At the indicated time after cell transfection, 50 μM 5-ethynyl-2′-deoxyuridine (EdU) was applied to the cell culture to allow incubation for additional 2 h. Finally, the cells were fixed with 4% formaldehyde in PBS for 30 min. After labeling, the cells were assayed using Cell-Light™ EdU DNA Cell Proliferation Kit (Ribobio) according to the manufacturer's protocol. SC proliferation (ratio of EdU^+^ to all SCs) was analyzed by using images of randomly selected fields obtained on a DMR fluorescence microscope (Leica Microsystems, Bensheim, Germany). Assays were performed three times using triplicate wells.

Cell migration assay
--------------------

SC migration was examined using 6.5 mm Transwell chambers with 8 μm pores (Costar, Cambridge, MA, USA) as described previously ([@gks750-B17]). The bottom surface of each membrane was coated with 10 μg/ml fibronectin. A 100 -μL DMEM containing resuspended SCs (10^6^ cells/ml) was transferred to the top chambers of each transwell and allowed to migrate at 37°C in 5% CO~2~ before addition of 600 μl complete medium into the lower chambers. The upper surface of each membrane was cleaned with a cotton swab at the indicated time. Cells adhering to the bottom surface of each membrane were stained with 0.1% crystal violet, imaged and counted using a DMR inverted microscope (Leica Microsystems). Assays were performed three times using triplicate wells.

Luciferase reporter assay
-------------------------

The 3′-UTR sequence of FGF9 or NTM was amplified from the genomic DNA and subcloned into the region directly downstream of the stop codon in the luciferase gene in the luciferase reporter vector. With appropriate primers, PCR amplification of the 3′-UTR sequence of FGF9 or NTM generated different p-Luc-UTR luciferase reporter vectors. The sequences of wild-type and mutant 3′-UTR were confirmed by sequencing. HEK 293T cells were seeded in 96-well plates and transfected with a mixture of 30 ng p-Luc-UTR, 5 pmol miRNA mimics and 5 ng Renilla according to the recommended protocol for the Lipofectamine 2000 transfection system (Invitrogen). After 48 h of incubation, the activity of firefly and Renilla luciferases was measured from the cell lysates using the dual-luciferase reporter assay system (Promega, Madison, WI, USA).

Statistical analysis
--------------------

Statistical analyses were done using SPSS 15.0 for windows (SPSS, Chicago, IL, USA). The Student's *t*-test was used for comparison between the two groups. *P* \< 0.05 was considered statistically significant. All data were expressed as mean ± SD.

RESULTS
=======

Expression profiling of miRNAs in proximal nerve stump following sciatic nerve injury
-------------------------------------------------------------------------------------

To examine the involvement of miRNAs in nerve regeneration, we investigated the expression profile of miRNAs in the proximal nerve stump after sciatic nerve injury with Agilent miRNA microarray. According to RVM screening, a total of 17 miRNAs showed dynamic expression alteration at 0, 0.5, 1, 3, 6 and 9 h after injury. The hierarchical cluster analysis ([Figure 1](#gks750-F1){ref-type="fig"}) indicated that the miRNA transcriptome exhibited an extraordinary resemblance between 6 h and 9 h as compared with control (0 h group). In order to screen out some key miRNAs, the expression profile was analyzed, and two significant patterns were found: profiles 48 and 61 ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks750/DC1)). Briefly, the miRNA expression in profile 48 (miR-21, miR-333_v11.0, miR-551b, miR-18a, miR-182) and profile 61 (miR-132, miR-223, miR-188, miR-142-3p, miR-142-5p) were promptly elevated at 3 h after injury, and then leveled off with significantly higher values as compared with control. Figure 1.Heatmap and cluster dendrogram of differentially expressed 17 miRNAs that showed significant changes at five time points following nerve injury. The color scale shown on the top illustrates the relative expression level of the indicated miRNA across all samples: red denotes expression \>0 and green denotes expression \<0.

We searched for the putative targets of the 10 miRNAs in profiles 48 and 61 by using miRBase database, and then integrated putative miRNA targets with the differentially expressed mRNAs, thus yielding 222 potential targets. In order to know credible biological functions, we conducted GO and KEGG pathway enrichment analyses for the intersected genes. The GO terms that have the highest enriched score and the most significant *P*-value are listed in [Table 1](#gks750-T1){ref-type="table"}. The most significant GO functions are related to cell phenotype modulation, including inflammatory response, locomotory behavior, programed cell death and neutrophil chemotaxis. Functional classification by KEGG pathway (Cytokine--cytokine receptor interaction; Chemokine signaling pathway; MAPK signaling pathway) was significantly enriched by the targets ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks750/DC1)). Moreover, the network for 8 miRNAs and 222 target genes were constructed ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gks750/DC1)). Table 1.Gene ontology analysisGO IDGO terms*P*-valueqFDRGO:0006954Inflammatory response9.78E-102.80E-06GO:0007626Locomotory behavior1.82E-070.0001GO:0023014Signal transmission via phosphorylation event2.94E-070.0001GO:0009893Positive regulation of metabolic process8.23E-070.0003GO:0002682Regulation of immune system process9.56E-070.0003GO:0012501Programed cell death1.17E-060.0003GO:0030593Neutrophil chemotaxis1.36E-060.0003GO:0010035Response to inorganic substance2.13E-060.0004GO:0045597Positive regulation of cell differentiation3.68E-060.0007GO:0080134Regulation of response to stress5.33E-060.0008

Functional analysis of miR-182
------------------------------

Out of the above eight miRNAs, miR-182 was specifically selected for functional analysis in light of the previous findings that miR-182 plays an inhibitory role in cell proliferation and invasion ([@gks750-B18],[@gks750-B19]), which was consistent with our result that cellular modulation-related processes were among the top list in the GO terms of miRNA targets. The qRT--PCR analysis of miR-182 expression in the proximal nerve stump at different time points after injury confirmed the microarray data ([Figure 2](#gks750-F2){ref-type="fig"}A). Moreover, *in situ* hybridization indicated that the up-regulation of miR-182 actually occurred in SCs at 6 h after injury ([Figure 2](#gks750-F2){ref-type="fig"}B). Figure 2.miR-182 up-regulation in the SCs following nerve injury. (**A**) qRT--PCR validation of the miR-182 level in the proximal nerve stump at five time points following sciatic nerve resection. (**B**) *In situ* hybridization with miR-182 and control scrambled probes showed the up-regulation of miR-182 expression in SCs following sciatic nerve resection.

To test whether the dys-regulation of miR-182 was sufficient to impact cellular function, SCs were transfected with miR-182 mimics or non-targeting negative controls. According to EdU-based proliferation assay, the cell proliferation rate of SCs transfected with miR-182 mimics was significantly decreased by ∼70% when compared with that of control ([Figure 3](#gks750-F3){ref-type="fig"}A). Transwell migration assay showed that transfection of miR-182 mimics significantly decreased the migratory ability of SCs when compared with that of control ([Figure 3](#gks750-F3){ref-type="fig"}B). The above data suggest that miR-182 up-regulation is sufficient to inhibit proliferation and migration of SCs. Figure 3.Effects of miR-182 on SC proliferation and migration. Primary SCs were transfected with miR-182 mimics (miR-182), mimics control (NC). (**A**) The proliferation rate of SCs transfected with miR-182 was significantly decreased compared with that of control (\*\**P* \< 0.01). (**B**) The migration ability of SCs transfected with miR-182 was significantly decreased compared with that of control (\*\**P* \< 0.01).

Post-transcriptional down-regulation of both FGF9 and NTM expressions by miR-182 through targeting their 3′-UTR
---------------------------------------------------------------------------------------------------------------

Because miRNAs exert their biological functions through suppression of target genes, it is important to identify miRNA--gene target pairs. We only selected the inversely correlated miRNA-target pairs that were expressed in the proximal nerve stump, and identified two correlated targets ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks750/DC1)): FGF9 (correlation coefficient = --0.277) and NTM (also known as HNT; correlation coefficient = --0.978), both of which were potentially down-regulated by miR-182.

To verify whether miR-182 affected the endogenous FGF9 level, we analyzed the effects of ectopic alteration of miR-182 on primary SCs. The qRT--PCR and western blot analysis showed that overexpression of miR-182 slightly suppressed the mRNA expression of FGF9 ([Figure 4](#gks750-F4){ref-type="fig"}A), whereas obviously suppressed the protein expression of FGF9 ([Figure 4](#gks750-F4){ref-type="fig"}B). Meanwhile, we found that inhibition of miR-182 failed to affect the mRNA expression of FGF9 ([Figure 4](#gks750-F4){ref-type="fig"}C), whereas enhanced the protein expression of FGF9 ([Figure 4](#gks750-F4){ref-type="fig"}D). The above observations suggested that FGF9 was regulated by miR-182 mainly through translational repression of target mRNAs. In order to determine whether FGF9 was regulated by miR-182 through direct binding to 3′-UTR of FGF9, the wild-type or mutant 3′-UTR of FGF9 was constructed and inserted into the downstream region of the luciferase reporter gene, and miR-182 mimics and p-Luc-UTR construct were co-transfected into HEK 293T cells for measuring luciferase activity ([Figure 4](#gks750-F4){ref-type="fig"}E). When UTR contained the wild-type binding site, miR-182 led to a significant decrease in the relative luciferase activity. In contrast, when UTR contained the mutant binding site, miR-182 did not lead to a decrease in the relative luciferase activity ([Figure 4](#gks750-F4){ref-type="fig"}F). The observations implied that binding of miR-182 to 3′-UTR of FGF9 was sequence-specific. Figure 4.FGF9 was a direct target for miR-182. (**A**) FGF9 mRNA expression was slightly down-regulated by transfection with miR-182 mimics (miR-182) compared with that of mimics control (NC). (**B**) FGF9 protein expression was down-regulated by transfection with miR-182 mimics (miR-182) compared with that of mimics control (NC). (**C**) FGF9 mRNA expression was not affected by transfection with miR-182 inhibitor (anti-miR-182) compared with that of inhibitor control (anti-NC). (**D**) FGF9 protein expression was up-regulated by transfection with miR-182 inhibitor (anti-miR-182) compared with that of inhibitor control (anti-NC). (**E**) Sketch of the construction of wild-type or mutant p-Luc-UTR vectors. The mutant binding site is underlined and italicized. (**F**) The relative luciferase activity was analyzed after the p-Luc-UTR vectors were co-transfected into 293T cells with miR-182 mimics (miR-182) or mimics control (NC). Renilla luciferase vector was used as an internal control.

To identify another most significantly correlated target, NTM, qRT--PCR and western blot analysis demonstrated that overexpression of miR-182 suppressed both mRNA and protein expressions of NTM ([Figure 5](#gks750-F5){ref-type="fig"}A and B). Meanwhile, we found that inhibition of miR-182 enhanced both mRNA and protein expressions of NTM ([Figure 5](#gks750-F5){ref-type="fig"}C and D). Our data suggested that NTM was regulated by miR-182 mainly through degradation of target mRNAs. On the other hand, luciferase reporter assay with two UTRs, which contained the wild-type binding site and mutant binding site, respectively ([Figure 5](#gks750-F5){ref-type="fig"}E), also suggested that down-regulation of NTM expression was regulated by miR-182 through binding to 3′-UTR of NTM in the same way as that for FGF9 ([Figure 5](#gks750-F5){ref-type="fig"}F). Figure 5.NTM was a direct target for miR-182. (**A, B**) NTM mRNA (A) and protein (B) expressions were down-regulated by transfection with miR-182 mimics (miR-182), compared with those of mimics control (NC). (**C, D**) NTM mRNA (C) and protein (D) expressions were up-regulated by transfection with miR-182 inhibitor (anti-miR-182), compared with those of inhibitor control (anti-NC). (**E**) Sketch of the construction of wild-type or mutant p-Luc-UTR vectors. The mutant binding site is underlined and italicized. (**F**) The relative luciferase activity was analyzed after the p-Luc-UTR vectors were co-transfected into 293T cells with miR-182 mimics (miR-182) or mimics control (NC). Renilla luciferase vector was used as an internal control.

Recapitulation of miR-182 inhibition of SC proliferation and migration by knockdown of FGF9 and NTM, respectively
-----------------------------------------------------------------------------------------------------------------

To determine the function of FGF9, two specific siRNAs against FGF9, siRNA-1 and siRNA-2, were synthesized, and both of them were found to remarkably reduce the FGF9 expression at the mRNA and protein level ([Figure 6](#gks750-F6){ref-type="fig"}A and B). Cell proliferation assays showed that both siRNA-1 and siRNA-2 elicited an inhibitory effect on proliferation of SCs as compared with control ([Figure 6](#gks750-F6){ref-type="fig"}C). From the above data, it followed that knockdown of FGF9 by siRNAs had similar inhibitory effects on SC proliferation to those induced by miR-182 overexpression. Figure 6.FGF9 silencing reversed the promoting effect of miR-182 inhibitor on SC proliferation. (**A)** FGF9 mRNA expression in SCs was down-regulated by transfection with FGF9-siRNA-1 (siRNA-1), or FGF9-siRNA-2 (siRNA-2), compared with that of siRNA control (NC). (**B**) FGF9 protein expression in SCs was down-regulated by transfection with FGF9-siRNA-1 (siRNA-1), or FGF9-siRNA-2 (siRNA-2) compared with that of siRNA control (NC). (**C**) Both FGF9-siRNA-1 (siRNA-1) and FGF9-siRNA-2 (siRNA-2) significantly inhibited SC proliferation compared with that of siRNA control (NC) (\*\**P* \< 0.01, \**P* \< 0.05). (**D**) The proliferation rate of SCs was examined after transfection with miR-182 inhibitor (anti-miR-182) in the presence or absence of FGF9-siRNA-1 (siRNA-1).

Based on the finding that FGF9 was post-transcriptionally regulated by miR-182 through directly binding to 3′-UTR of FGF9, and considering that knockdown of FGF9 could inhibit SC proliferation, we hypothesized that down-regulation of FGF9 expression was likely to directly mediate SC proliferation initiated by miR-182. To test this issue, miR-182 expression was down-regulated by transfecting SCs with miR-182 inhibitor in the presence or absence of siRNA-1 against FGF9. A significant increase in cell proliferation was observed in SCs transfected with miR-182 inhibitor, whereas a significant decrease in cell proliferation appeared in SCs co-transfected with miR-182 inhibitor and siRNA-1 against FGF9 ([Figure 6](#gks750-F6){ref-type="fig"}D). Notably, the decreased expression of FGF9 attenuated the increase in SC proliferation induced by miR-182 inhibitor.

To validate whether NTM could recapitulate the effects of miR-182 on SC migration, we performed the NTM-related analyses similar to the aforementioned FGF9-related ones but testing the influences on SC migration instead of on SC proliferation. Our data not only revealed that knockdown of NTM by either of two siRNAs (siRNA-3 and siRNA-4) exerted similar inhibitory effects on SC migration to those induced by miR-182 overexpression ([Figure 7](#gks750-F7){ref-type="fig"}A--C), but also confirmed that down-regulation of NTM expression was able to directly alleviate the increase in SC migration initiated by miR-182 inhibitor ([Figure 7](#gks750-F7){ref-type="fig"}D). Figure 7.NTM silencing reversed the promoting effect of miR-182 inhibitor on SC migration. (**A**) NTM mRNA expression in SCs was down-regulated by transfection with NTM-siRNA-3 (siRNA-3), or NTM-siRNA-4 (siRNA-4) compared with that of siRNA control (NC). (**B**) NTM protein expression in SCs was down-regulated by transfection with NTM-siRNA-3 (siRNA-3), or NTM-siRNA-4 (siRNA-4), compared with that of siRNA control (NC). (**C**) Both NTM-siRNA-3 (siRNA-3) and NTM-siRNA-4 (siRNA-4) significantly inhibited SC migration, compared with that of siRNA control (NC) (\*\**P* \< 0.01). (**D**) The migration ability of SCs was examined after transfection with miR-182 inhibitor (anti-miR-182) in the presence or absence of NTM-siRNA-4 (siRNA-4).

Collectively, these findings show that inhibition of FGF9/NTM could abrogate anti-miR-182-induced promotion of SC proliferation/migration, suggesting that FGF9/NTM is the functional mediator of miR-182.

DISCUSSION
==========

After peripheral nerve injury, the denervated SCs in the distal stump begin to dedifferentiate, proliferate, migrate and then form Bungner bands, which act as guides for the regenerative axonal sprouting in the proximal stump ([@gks750-B2]). In our model, however, the proximal nerve stump is largely free of influence from distal degenerating axons, and the proximal axons are still in contact with their cell body. Therefore, it usually takes the so-called 'the initial delay period' for SCs to cause the cell changes without the need of breaking down their own axons. Previous observation indicates that just at 24 h, prominently 5 days, after axonal transection, the myelin-forming SCs begin to proliferate in the proximal stump ([@gks750-B20]). It is also found that matrix metalloproteinase-9 (MMP-9) serves as a potent modulator of SC signaling and phenotype remodeling to suppress SC proliferation. Briefly, \>200-fold increase in MMP-9 mRNA occurs in the proximal stump at 6 h after axonal transection, and ∼2-fold higher MMP-9 level in the proximal than in the distal stump ([@gks750-B21; @gks750-B22; @gks750-B23]). On the other hand, SCs in the proximal stump are known to begin migration in two directions: from the stump endoneurium distally into an outgrowth zone and from the endoneurium laterally into the perineurium and epineurium at 5 days after axonal transection ([@gks750-B20]). *In vivo* live imaging with double-transgenic thy1-CFP ([@gks750-B23])/S100-GFP mice also demonstrates that SC migration and infiltration occurs in the proximal stump at 5 days after axonal transection ([@gks750-B24]). Taken together, previous studies indicate that SCs in the proximal stump undergo distinct phenotype changes in response to nerve injury. The molecular events during 'the initial delay period', especially the inhibition of SC proliferation and migration, however, are still not fully clear. Therefore, this study aimed to investigate cell phenotype changes of SCs in the proximal stump at an early stage after nerve injury from a unique perspective of miRNA modulation.

Since miRNAs are attractive candidates as upstream regulators of gene expression and deeply involved in a variety of biology processes ([@gks750-B11],[@gks750-B25],[@gks750-B26]), it is worthwhile to decipher the influences of miRNAs on SC cell behaviors after nerve injury. The high-throughput miRNA microarray enabled us to identify 17 miRNAs that was significantly dys-regulated in proximal nerve segments during early time period after sciatic nerve injury. In addition, GO and KEGG pathway enrichments were applied to identify the functions of these miRNAs. The annotation was related to responses to inflammatory stimulus, cell growth, cell chemotaxis, cell locomotion and signal transduction, all of which are important in SC phenotype modulation and SC--axon interaction over the early stage after nerve injury.

Previously, studies show that miR-182 is highly enriched in sensory organ-specific development and function ([@gks750-B27],[@gks750-B28]). miR-182 has been considered as a potential candidate for therapies designed to promote hair cell regeneration ([@gks750-B29]). In DRGs, miR-182 influences the translation of genes that are important for the unique function of nociceptive and mechanosenstive primary afferent neurons, thus contributing to alterations in gene expression and neuronal properties after peripheral nerve injury ([@gks750-B30]). In this study, we noticed that miR-182 exerted functions at an early stage after sciatic nerve resection. Because primary culture of SCs is the most accurate model for understanding the physiology of SCs in severely injured and/or denervated peripheral nerves ([@gks750-B31]), it is important to have insights into miR-182 functions in primary SCs. We identified an additional role for miR-182 in injury-initiating nerve reconstruction by orchestrating the directed proliferation and migration of SCs. When peripheral nerves are injured, it takes at least a few days until SCs dedifferentiate and start migration as to maintain the structural and functional integrity of the proximal stump at an early stage ([@gks750-B4],[@gks750-B5]). This integrity is, to a certain extent, necessary for the survival of neurons and the intrinsic potential of neuritic growth. In consequence, the responses of SCs during nerve regeneration might be partially regulated by mechanisms mediated by the endogenous miR-182.

miR-182 is known to act as a tumor suppressor by targeting the oncogene regulator of G-protein signaling 17 and cortactin, thereby controlling cell proliferation and invasion ([@gks750-B18],[@gks750-B19]). miR-182 signaling generally induces the inhibiting effect on cell growth or cell metastasis in different tissues. In this study, FGF9, a new direct and functional target of miR-182, was identified. FGF9 (glial activating factor) is one of the 23 members of the highly conserved FGF family. As a secreted, glycosylated 26-kDa protein, it has mitogenic effects on a variety of different cell types ([@gks750-B32]). In the nervous system, FGF9 is important for the development of glial cells and exhibits a growth-stimulating effect on cultured glial cells ([@gks750-B33]). Likewise, another new direct and functional target of miR-182, NTM, was also identified. NTM is a member of the family of neural cell adhesion molecules (NCAM) ([@gks750-B34]), mediates cell--cell recognition and helps to promote axonal fasciculation, to guide nerve fibers towards specific targets and to stabilize synapses during nerve development ([@gks750-B35],[@gks750-B36]). NCAM is involved in cell growth, migration and differentiation, especially the ectopic expression of polysialylated NCAM promotes adult macaque SC migration and improves their integration among astrocytes *in vitro* without modifying their antigenic properties as either non-myelinating or pro-myelinating ([@gks750-B37]). Intriguingly, NTM is dys-regulated in the injured spinal cord, and its expression is regulated by afferent input ([@gks750-B34]). In this study, we found that miR-182 directly recognized the 3′-UTR of FGF9 and NTM, and noted that miR-182 was at least one of the major contributors to the inhibition of SC proliferation and migration through FGF9 and NTM for keeping SC communication with axon during nerve regeneration.

In summary, our data represent the first study of early changes of miR-182 expression in the proximal nerve stump following sciatic nerve injury, and indicate that nerve injury-induced inhibition of SC proliferation and migration might be regulated by miR-182 through down-regulation of FGF9 and NTM, respectively, thus providing novel insights into the role of miRNAs in peripheral nerve injury and repair.
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